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Abstract: One of the major problems in a Data Grid is the optimal distribution and replication of data
les in the Grid sites, in order to improve and maintain over time a high overall throughput of Grid jobs
that access les. Therefore, a Grid optimisation service [3] should be able to dynamically modify the
geographic distribution of data les, triggering le deletion and replication, according to the variation over
time of the sites (so called “data hot-spots”) where data is highly requested.

In this document we propose two prediction functions for evaluating the future usefulness (value) of data
les. These functions can be used by Grid sites to make informed decisions about whether or not to
replicate les locally. Both functions use for their prediction logs of le requests that jobs have submitted
to the site but assume different statistical models for the historic data.

We have performed some preliminary tests on the accuracy of these prediction functions using randomly
generated simulated le access patterns. We have compared the predicted values with the simulated
ones. It turns out that, over the performed tests, the two functions behave similarly and predict the
simulated values reasonably well.
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1. INTRODUCTION

In [2] we proposean approachpasedon an economicmodel, for optimising le replicationin a Data
Grid. In short,in the modeltherearetwo main classef actors. ComputingElementgCEs)have the

goalof makingdata le availablefor accesgso Grid jobs on the site wherethey areexecuting. CEstry

to purchasdhe cheapesteplicasof neededles by interacting,via an auctionprotocol, with Storage
Brokers(SBs)locatedin the Grid sites. SBshave the goal of maximisingrevenuesthey canobtainby

selling les to CEsor otherSBs. In theeconomianodelwe male the assumptiorthatthe usefulnes®f

a le is proportionalto therevenuea SB canobtainfrom it. SBshave to decidewhetherreplicatinga

le tothelocalsiteis aworthwhileinvestmentSinceGrid siteshave nite storagespacethis couldalso
resultin deletingother les.

In orderto make a replication(and deletion)decision,SBs may usevariousstratgies. In particular
in [2] we proposdheuseof a predictionfunctionthatestimateshefuturerevenueof astored le based
on the pastrevenueof this le andof les with similar contents.In this paperwe de ne two typesof
suchpredictionfunctionandpresensomeexperimentalkevaluationwe have performedon them.

The documents organisedasfollows. Section2. introduceshe modelof le requestgshatwe assume
for the de nition of the predictionfunctions,which aredescribedn Section3.. Section4. presentshe
preliminaryresultswe have obtainedusing simulated le accesatternand nally Section5. and6.
brie y discussreplicationstratgiesbasedon the predictionfunctionsandhow thesecanbetestedin a
DataGrid simulatorwe arecurrentlydeveloping[4].

2. FILE REQUESTS AS A RANDOM WALK THE SPACE OF FILE IDENTIFIERS

During theexecutionof Grid jobsa SBrecevesasequencef le requestseitherfrom CEsor otherSBs
thathave beenrequested le thatthey do not have. We male the following two assumption®n this
sequence.

Requestarri vals with exponentialdistrib ution.  Asfor mary similarphenomenéhathave beenstud-
ied in queueingtheory we canassumeime intervals betweenwo successe le requestdeinginde-
pendentandomvariableswith exponentialprobability distribution of parametet.

Thereforeaftereachle requeste.g.,arrivedattimetp), theprobabilityf (t) thata new requestarrives
within thetimeintenalt tg is givenby

f(t)=1 e 't © (1)

wherethedecayratet representthe averagenumberof requestsn atime unit.

Sequential correlation between le requests. We assumehat SBsreceves over time le requests
that are sequentiallycorrelated This meansthat, givena le requestthereis a greatprobability of
successke requestgor les with similar content.

We can model contentsimilarity by rst de ning the le spacef Fg asthe setof all the potentially
requestedles andthe le-ID spacef fg asa set,with the samecardinalityasfFg, of le identiers.
File identi ers areassumedo be integer positve numbers.We canthende ne contentsimilarity asa
mappingM betweenf fg andf Fg asfollows. Assumingtwo le-IDs f; and f,, the closerthey are,
i.e. thesmallerthe differencejf,  fqj, the higheris the expectedrelation betweenthe contentsof the
correspondindes F; andF,!.

1Thede nition of le contentsimilarity in a DataGrid is still anopenproblem.Herewe just give ade nition of it thatcan
beusedin the predictionfunctionswe have de ned
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Giventheassumptiongabove, we canrepresenthehistoryof le requestasarandom-walkn thespace
f fg of le identi ers. A random-valk consistsof a sequencénfi;i  0i of identi ers andis obtained
startingfrom an initial identi er fo and addinga sequencds;;i > 0i of randomwalk steps eachof
whichleadsfrom f; ;to fj,i.e.s=fi fij 1;i> 0.

Eachgenericsteps is an independentandomvariablewhich may assumevalueswithin the intenal
[ S+ 9 where2Sis themaximaldifferencebetweertheidenti ers of two successely requestedes.
Thisway, we canmodela symmetricrandomwalk with variablestepsize.

fA

I ‘ ‘ ! 1 1 1 1 1 |
t0 1 t2 t3 t4 t5 t(n-4) t(n-3) t(n-2) tn-l) tn T

Figure 1: File accessistoryasarandom-valkin space fg of le identiers.

Figurel shavs anexampleof randomwalk. Arrival timesfor le requestgindcorrespondinge identi-
ers areshavn alongthet and f axisrespectrely. In theexample thewalk startsfrom le fq (requested
attimetg) andcoversn le request®veratime T. Amongthenrequestse fgisrequestedN times.

3. PREDICTION OF FUTURE FILE REVENUES

In [2] we de ne afunctionthatcalculategherevenuethata SB obtainsover a (future)time periodT by
sellinga le F, arequesfor whichis recevedattimetx. Thevalueof the le is obtainedsummingup
theincomesthe SB recevesfor F over T. Herewe considera simpli ed form of this function,de ned

as
k+n

V(f:kn) = § d(f;f) (2)
i=k
ThefunctionV (f;k;n) calculatesherevenuefor the le F correspondingo theidenti er f startingfrom
time t, andtaking into accountthe next n le request$. Moreover, we considerunitary le pricesand
thuswithin thesumthereis only theKronecler deltafunction’ betweeridenti ers f andf;. Equation(2)
stateghatV (f;k;n) is givenby the numberof times le f will berequestediuringthe next n requests,
startingfrom requesk.

2Notethatthedomainof V( f;k; n) isthesetf fgof le identi ers. In thefollowing wewill sometimesisetheterm le when
it would be morecorrectto usetheterm le identi er. However, it is clearthatwe will alwaysreferto the le correspondingo
the le identier.

3Kronecler deltais de ned as:
0 it 6 fj

A= i g=
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In orderto estimateV ( f; k;n) we have to predicthowv mary timesthe le f will berequestedaver the
next periodof time considered.We usea simpli ed versionE[V(f;k;n);r] of the predictionfunction
de nedin [2]. Theindex r indicatesthatestimationis madeon the basisof ther le requestseceved
by the SB beforetherequesfor le f.

3.1. DEFINING THE PREDICTION FUNCTION

Ourgoalis now to obtainananalyticalform for E[V( f;k;n);r]. Basedonthelatestr obseredrequests,
E[V(f;k;n);r] shouldprovide agoodestimationfor thenumberN of requestgor le f thataregoingto
berecevedamongthenext n le requests.

As statedin Section2., le accessistory canberepresentedsarandom-valk in thespacef fg of le
identi ers, consistingof a sequencédf;;i  0i of identi ers startingfrom anidenti er fp. In orderto
performcalculationsand getto an explicit form for the evaluationfunction E[V(f;k;n);r] we choose
a particularshapefor the probability distribution of a generics, which representshe stepbetweenwo
successk identi ers in therandomwalk.

3.1.1. PREDICTION FUNCTION BASED ON A BINOMIAL DISTRIBUTION

Here,we assumeéhata genericsteps in the random-valk is a discreterandomvariablewith binomial
distributiort*.

We canthusimaginefor eachs a distribution like in Figure2. Suchafunctionis obtainedby usinga bi-
nomialdistribution, makingit symmetricandcentringit onzero. This allows usto considera symmetric
random-valk with integerrandomstepsize,alwaysbelongingto theintenal [ S '§. Moreover, we can
modelthefactthatoncea le hasbeenrequestedit is the mostprobablerequestede in the next step
of therandomwalk.

A

p(s) 20/64
15/64 15/64
6/64 6/64
1/64 1/64
|
-3 2 1 0 +1 +2 3 g

Figure 2: Binomial distribution centredon zeroandwith S= 3.

4Thebinomial(or bernoullian)distribution returnsthe probability p(k) to obtaink successegerformingn independentrials
of a certaintestwhenthe probability of succes®f eachsingletrial is g. It is givenby:

n
po= d@ 9" 0 k n

In caseq = 1=2 thedistributionis symmetricalaroundits centralvaluen=2.
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Thede nition of thedistribution p(s), its meanvalues andits standardleviation s s aregivenby

1 25 _ _ 'S
PS= s ¢pgr ST0 Ss= 5 ()
For example,with referencdo Figure2, the probabilityof s=  1isgivenby
1 2 3 15
=23 143 "6 )

Eachidenti er f; representshe le requestedtthei-th stepin therandom-valk andis obtainedstarting
from theinitial identi er fo andfollowing the paththroughthe rst i stepsof hsji. Thuswe canwrite

i
fi=fo+ s (5)
=1
Sinceeachs; is anindependentandomvariablewith symmetrichinomialdistribution, eachgenericf is
alsoarandomvariablewith the samedistribution. Its meanvalueandstandardieviation aregivenby
r_
iS
2
We cannowv nd a simple expressionfor the probability distribution of f. Thevaluesin (3) canbe
regardedas the sum of 2S valueschosenindependentlywith a probability g = 1=2, within the set
f 1=2;+1=2g°>. The sumat right handin (5) may thereforebe interpretedasthe sumof 2iS values
chosenindependenthandwith probability p = 1=2) fromf 1=2;+ 1=2g. Thatsumrepresentshe net
movementfrom initial the position fo to the nal position f;.

f=fy, st=

(6)

Settingthe meanvalueof f equalto £ insteadof fo, the probability p(f) of receving arequesfor le
f atstepi is givenby
1 2iS ) . =

P(D=2m ¢ o0 IF fI IS 7)
Letusimaginenow to have anumberR of sequencesf le requestgachcontainingn requestandeach
startingfrom the sameposition f. If by r;(f) we meanthe numberof times le f hasbeenrequestedt
stepi throughthe R sequenceshentheratio

ri(f)

R ®)

will approximateo p;( f) for increasingR.

Summingup all termsr;(f) for i goingfrom 1 ton, i.e., &L ;ri(f), we obtainthe total numberof times
that le f hasbeenrequestediuringthe R sequenceatotal of nRrequests) Dividing this sumby R,
we getthe averagenumberof requestdor f in a singlesequenceThis valueis equalto the sumof all
termslike (8) (for i goingfrom 1 to n) andrepresentshe mostprobablenumberof times le f will be
requestediuring the next n requestswhich is exactly the evaluationE[V( f; k; n); r] we arelooking for.
Assumingthat p;i( f) is thebestestimationof (8), we canwrite

EV(;kn)rl= & pi(f) 9)

i=1
Notethatthedependencenr, i.e. the numberof requestsecevedin thelastperiod,for theright hand
termis hiddenwithin thede nition of parameterd andSappearingn (7) aswe will seebelow.

We nally de ne theparameters, f andS

SNotethatthe sumof anevennumberof suchvaluesalwaysleadsto anintegervaluerangingfrom Sto+S
5| aterit will bediscussediow to x_thisvalue
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n Firstof all we haveto x atimeinterval Tin the pastthatsenesasthe basisfor our estimation.
ThenT be the future interval for which we intendto do the prediction. So, r is the numberof
requestsecevedin thelastperiodof lengthT® By assuminghatthe arrival rateof requestswill
staythesamen is obtainedoby:

n=r (20)

T
Obviouslyif T = T%thenn=r.

S Wewantto give anestimationof the width Son the basisof the past. Supposegoingbackwardin
timefromtptot . Doingareverserandom-valk andconsideringequationg6) we cansaythatfor
eachj goingfrom 1 tor, variablef ; shouldhave avariancegivenby jS=2. The bestestimation
we have for this varianceis (fo f ,-)2. Calculatinga weightedaverageon thesequantitieswe
obtainanexpressiorfor S,

(fo f))?

r
a ——= (12)
=1

S=

I

The simplestway to x a centralvaluefor our sequencef distributions on the basisof previous
requestss to do aweightedaverageamonglastr les requestedvheretheweightsdecreasgoing
toward the past. Thatis, the morerecentlya le hasbeenrequestedthe moreimportantit is in
calculatingf.

It could be possibleto not considerthe history at all in choosingf. In this caseonecansimply
decideto setall theweightsequalto zeroandthus f = fo.

3.1.2. PREDICTION FUNCTION BASED ON A NORMAL DISTRIBUTION

If onedecidegto adoptthe lastperspectie mentionedn Section3.1.andthusnot to take into account
the history to x the startingpoint f, thenall the functions p;j(f) are centredon f = fp. This will
alwaysleadto decidein favour of replication,at leastwhile le pricesaresupposedo be unitary This
happendecausén suchacaseonly the estimatechumberof timesa le will berequestedn thefuture
isimportant. Thisis provided by thefunctionin Equation(9) which alwayshasits maximumin f, being
(7) theform of p;(f).

In orderto addresghis problem,one might try to extrapolatethe moving trend (in the spaceof le
identi ers) of future le accessefom previousones.This canbedoneby:

calculatingthe meandisplacemensin thelatestrequestsi.e. the meanvalueof thelateststepsin
therandomwalk.

supposinghis meandisplacemenwill staythesamein thenext period;

centringsuccessie p;i(f), wherei refersto thei-th stepin the randomwalk, not on fy but on
fo+ is, to follow thetrend.

The rst raisingproblemwith sucha procedurds thatwe needa distribution for f; (andfor s aswell)
which canbe calculatedeven forrpon—integer values. The simplestchoiceis the Gaussiardistribution
with the samestandardieviation” iS=2.

Thesecondproblem,consequentlyis thatusinga continuoudistribution we cannotcalculatethe prob-
ability for a certainvalueof thevariable f but we mustconsideranintenal [f  d; f + d], which gives
approximatelythe probability of receving arequesfor les within the rangeof width 2d andcentrein
f. So,consideringhe probability distribution p;( f;d) de ned by
Z 44 ,
Bl = g e v ia (12)

S- n_f d
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wheres; is sy, asin Equation(6), we have, in obviousnotation,anew predictionfunction

EN(f;dimirl= & fi(f;d): (13)

i=1

To do a comparisorhetweerthetwo predictionfunctions,eventhevaluethatE shouldpredictmustbe
changed.Thusit will not be arymorethe numberof times le f will berequestediuringthe next n
requestdut thenumberof requestdor les within therangeof width 2d andcentrein f (in our notation
V(f;d;n)).

4. PRELIMINARY TESTS AND RESULTS

In this sectiorwe presenpreliminarytestsfor thepredictionfunctionsde nedin (9) and(13). In orderto
performthesetests,we rst generatedomesequencesf le requestandthusobtainedsomerandom-
walkslike the onein Figure3’. The gure shavs arandom-valk with about1000 le requestdor les
whoseidenti er is in therange[20; 100. In thefollowing, we referto thesele requestaseitherreal or
simulated

Figure 3: Randomwalk describingsimulatedaccesgattern.

Givenacertainpositionwithin thesequencef le requestswecalculatedE[V(f;d;n);r] andEN(f;d;n);r],
which give the predictionof the future numberof requestdor le f. In addition,we calculatedhereal

le valueVy(f;d;n) by countingthe numberof times le f wasrequestedrom thatpositionon. Iterat-
ing over a sggmentof thesequenceve obtaineda rst qualitative evaluationof the performancef these
functions.

We performedwo typesof evaluationtests:

1. calculationof the averageof the squareddifferencesbhetweenpredictedand real valuesover a
segment;

2. graphicalrepresentationf simulatedand estimatedvaluesover a segmentand comparisorbe-
tweenthesegraphs.

71t could seemnot very correctto testa predictionfunction, formulatedconjecturingthe accesgatternto be a random
walk, by the useof a randomwalk test-set.In fact, it is a fairly lower constrainto supposea randomwalk with generalstep
distributionratherthanonewith x edstepdistribution, whichis the caseof thereasoninghatled to our functions.This seems
to beasimpleway to producea setof datare ecting thecharacteristicthe le accessearesupposedo have.
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The rst typeof testdid notgive signi cant results.We performedhetestusingsomerandom-valks but
we couldnot nd apredictionfunctionfor which the statisticaimeasurevasbetterthanthe otherone.

The resultof the secondtype of testperformedover a sequencef simulated le requestss shavn in
Figure4. The gure compareghe two predictionfunctionsE[V(f;d;n);r] andE[NV(f:d;n);r] (which
arebasedon the assumptiorthatthe le accesgatternfollows a binomialanda gaussiardistribution,
respectrely) andverify themagainstherealvaluesobtainedrom the simulatedle requests.

Figure4: Progresof predictedvaluesandrealvaluesoverasequencef le requests.

This graphshavs thatthetwo functionsgivessimilar resultsandpredictquiteaccuratehtherealvalues.
We also comparedhe two predictionfunctionsusing other sequencesf simulated le requestsand
cameto the sameconclusion. However, sincewe did not performa sufcient numberof experiments,
we cannotcometo the conclusionthatonepredictionfunctionis superiorover the otheroneor thatthe
proposedredictionfunctionsre ect accuratelhtheactualpatternof le request.

5. REPLICATION STRATEGIES

Whena SB is given the possibility to locally replicatea les, it canusevariousstratgiesto decide
whetheror notthisis thecase A winning stratgy shouldbeableto answeithe question:

Givena nite storagespaceandsomeconcreteaccesgatternswhich les shouldbe kept
andwhich onesshouldbe deletedn orderto optimisedatalocality andthusoverall system
performance?

An exampleof a replicationreasoningobasedon the predictionfunctionspreviously de ned could be
the following. Whena SB is given the possibility to buy a le fo, it calculatesE[V (fo; k;n);r] and
EV(f;k;n);r]® for x edr andn andfor eachf 2 F, whereF is the setof les thatarestoredin the
correspondingSE. If thereis an f within F which veries E[V(f;k;n);r] < E[V(fo;k;n);r] thenf is
replaceduy fo.

Predictingthe future valueof asingle le, asdonein Section4. is far beyond the actualscopeof eval-
uating a winning replicationstratgy. We are currently analysingwhich replicationstratgiesleadto
optimiseGrid performanceThis is doneusinga Grid simulator

8We couldalsouseE [V (f;n;d);r].
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6. TESTING REPLICATION STRATEGIES WITH A GRID SIMULATOR

Partof our researchs currentlyto testthe effectivenessof variousreplicationstratgiesby usinga Grid
simulator[4, 1]. This simulatorbehaeslike a real multi-site Grid wherea certainnumberof jobs are
scheduledo differentGrid sites. Thesejobsrequestles querying(directly or indirectly) a numberof
SBs,thatin turn mayor may not have therequestedes. Whena le is nally found,theinvolved SBs
make a decisionaboutlocal replicationof the le.

In orderto evaluatedifferentreplicationstratgieswe will measuresomerelevantparametersstill to be
de ned, thatgive a sight of the overall performanceof the simulatedGrid. By runningthe simulation
for a certain(big) numberof Grid jobs usingvariousreplicationstratgies we will be ableto make a
comparisorandthusto choosehe mosteffective stratey.

Oneparametethatcould berelevantfor our evaluationis the total gain of SBsin the Grid atthe endof
thesimulation.This couldberegardedasa measuref how goodthereplicationpolicieshave been.This
becausef thefollowing speculationgtheveri cation of whichis partof ourfutureresearch:

If the total gain of SBsis high this could meanthat the total costfor transportingles (thatis
chagedto SBs)from onesiteto anotheris low. This, in turn, meanghataccesgo les hasbeen
optimised.

If thetotal gainis high this could alsomeanthat high pricesare paidfor les. Accordingto the
paymentmechanisnproposedn [2] this meanghatreplicaswerecreatedonly on stratgic sites
without over-replication.In sucha case the numberof replicationprocessefasbeenminimised.
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